INTRODUCTION
The anatase surface remains ubiquitous in the field of catalysis 16 for its unique photoactivity, 1−3 tunable through the use of 17 dopants, 4,5 or size and structural selection, 6−8 and reactivity, 18 such as water-splitting 9,10 and the decomposition of organic 19 pollutants. 11, 12 Both theory and experiment have cited surface 20 defects such as oxygen vacancies to be a major contributing 21 factor in anatase's catalytic activity. Although recent theoretical 22 studies have concentrated on the more reactive 001 facet, 13 a 23 return to the more thermodynamically stable 101 facet 14 reveals 24 interesting subtleties, regarding the presence of surface and 25 subsurface oxygen vacancies. 26 Previous studies neglected spin polarization and used 27 semilocal functional Perdew−Burke−Ernzerhof (PBE) 15 in 28 collaboration with scanning tunneling microscopy (STM) 29 studies 16, 17 to establish the formation of subsurface oxygen 30 vacancies to be favored over that of surface vacancies. However, 31 a recent STM study found that surface oxygen vacancies 32 formed in the presence of a high positive sample bias or an 33 electric field. 18 Under experimental conditions, such as an 34 electrochemical cell, the presence of a potential bias and electric 35 field would guarantee the formation of surface oxygen 36 vacancies. Anatase remains a complex system to understand, 37 both experimentally and computationally. This study will strive 38 to elucidate a complete computational description of oxygen 39 vacancies in anatase (101) under varying parameters available 40 to density functional theory (DFT). 41 While the use of a semilocal functional may correct, in some 42 part, the tendency in DFT calculations to overdelocalize 43 electrons, it still falls short in reflecting the moderate to extreme 44 localization present in semiconductors and insulators. 19 45 Strongly correlated systems that feature localized d-or f-46 orbitals require a hybrid functional or a DFT+U (LDA+U or 47 GGA+U) approach to reflect the properties of this system in 48 Although the DFT+U formalism describes the oxygen 63 vacancy in the rutile phase of TiO 2 well, both in the bulk 64 and on the surface, the results for anatase remain ambiguous.
Note that, for ease of comparison, the surfaces utilized in this 141 study were grown from a bulk unit cell modeled from 142 experimental crystallographic data. Other sample cases were 143 examined under a denser k-point mesh (DFT+D+(U = 3.6) 144 with 3 × 3 × 1) or with an optimized lattice constant (DFT+(U 145 = 3.6)). Both of these cases resulted in some changes to the 146 energy, but did not change resulting trends in the lowest three 147 to four minima of oxygen vacancies as listed in Tables 1 and 2 148 (presented later in this work). These conditions resulted in a 149 minimum whose geometry was midway between the initial and 150 final geometries described in Figure 2 . This is not surprising, 151 given the sensitivity of oxygen vacancy sites to computational 152 parameters (as evidenced below in Figures 2 and 3 and the 153 following section, Results and Discussion).
RESULTS AND DISCUSSION

154
The formation energies of oxygen vacancies were calculated 155 using the equation below: Because of the interest in anatase for photocatalysis and solar 173 cell use, the band gaps (E g ) of stoichiometric and reduced 174 anatase were extracted from PDOS plots (see Table 1 for 175 energies, Figure 5 (presented later in this work) for plots). 176 Projected density of states (PDOS) plots will be discussed in 177 conjunction with surface oxygen vacancy formation. Typically, 178 DFT underestimates the band gaps of materials with DFT+U, 179 providing some correction to increase the band gap, and hybrid 180 functions or GW many-body perturbations, providing the best 197 In our systematic investigation of oxygen vacancy formation 198 in anatase, we found a significant dependence on computational 199 parameters in influencing not only the geometry and energy of 200 surface and subsurface sites V O1 and V O4 , but also many other 201 sites. Notably, further analysis of V O6 and V O9 yielded other to form a distorted V O4 (see Figure 3 ). This phenomenon at 214 sites V O6 and V O9 reinforces the need for acknowledgment and 215 understanding of the theoretical parameters in use to This results in a surface oxygen vacancy, whose electronic structure is identical to the one formed through vacancy site V O1 under DFT+D, but remains unique, compared to V O1 under the DFT+U and DFT+D+U (see Figure 4 ). 
Journal of Chemical Theory and Computation
I II III IV V VI VII VIII Spin-Restricted (DFT+PBE) Spin-Polarized (DFT+PBE) DFT+D DFT+(U = 3.0) DFT+(U = 3.6) DFT+(U = 4.0) DFT+D+ (U = 3.6) HSE (HF 0.25 , PBE 0.75 ) V O ΔE F (eV) V O ΔE F (eV) V O ΔE F (eV) V O ΔE F (eV) V O ΔE F (eV) V O ΔE F (eV) V O ΔE F (eV) V O ΔE F (
CONCLUSIONS
286
In this theoretical study on oxygen vacancies, we have shown 287 the influence of computational parameters on the energy, 288 geometry, and electronic occupation of these vacancies. While 289 there have been many studies conducted for bulk anatase or 290 surface anatase with an oxygen vacancy at V O1 or V O4 , none 291 have attempted a comprehensive outlook on all nonequivalent 
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Article DOI: 10.1021/acs.jctc.6b00095 J. Chem. Theory Comput. XXXX, XXX, XXX−XXX E 292 sites and their subsequent optimization beyond PBE. Under the 293 DFT+U formalism, analysis of these nonequivalent sites 294 resulted in the discovery of two distinct surface oxygen 295 vacancies related to their component reduced Ti 3+ states. 296 This may affect future studies regarding catalysis of small 297 molecules on surface anatase or aggregation of clusters of 298 oxygen vacancies. This study is meant to inform and guide 299 future modeling of defective anatase(101) to be aware of the 300 dependence of results on computational parameters on oxygen 301 vacancies. 302 Since the formation of surface versus subsurface oxygen 303 vacancies in anatase(101) seems to be condition-dependent in 304 experiment as well as in theory, the choice of DFT method lies 305 in what material properties are currently being investigated. 306 DFT studies comparing to experiments under ultrahigh vacuum 307 might neglect dispersion and Hubbard U corrections to 308 preferentially treat subsurface oxygen vacancies while those 309 considering catalysis in the presence of a potential gradient (as 310 in photocatalysis related to electrochemical cells) may well 311 include dispersion and Hubbard U corrections or hybrid levels 312 of theory to consider surface oxygen vacancies. Moreover, 313 
